Through specific intersubunit contacts, the four subunits of the nicotinic acetylcholine receptor assemble into an a21]y6 pentamer. The specificity of subunit association leads to formation of proper ligand binding sites and to transport of assembled pentamers to the cell surface. To identify determinants of subunit association, we constructed chimeric subunits, transfected them into HEK 293 cells, and studied their association with wild-type subunits. We used P7 chimeras to determine sequences that associate with the a subunit to form a ligand binding site and found residues 21-131 of the 7 subunit sufficient to form the site. Residues 51-131 of the p subunit do not form a binding site, but do promote surface expression of pentamers; of these residues, R117 is key for surface expression. We studied formation of tetramers by a and y subunits and dimers by a and ~ subunits, and used y8 chimeras to identify sequences that result in either dimers or tetramers. The conserved residues 1145 and T150 of the y subunit promote ayay tetramer formation, whereas the corresponding residues in the 6 subunit, K145 and K150, allow only a8 dimer formation.
Introduction
Nicotinic acetylcholine receptors (nAChRs) are part of the larger protein family of ligand-gated ion channels (Betz, 1990; Unwin, 1993) . Members of'this family consist of multiple homologous, membrane-spanning subunits that are arranged as a pentamer in a circular fashion around a central pore; this central pore opens to form the cationselective chan nel upon binding of agonists to the extracellular domain of the molecule.
The permutations of different subunits required for the formation of functional pentameric ligand-gated channels vary widely; multiple forms of y-aminobutyric acid or glycine receptors can be expressed, depending on the combinations of subunits used. nAChRs can be made up of one (neuronal aT; Couturier et al., 1990a) , two or three (neuronal (~-bungarotoxin [a-bgtx]-resistant AChRs; Couturier et al., 1990b; Vernallis et al., 1993) , or four subunits (muscle type, e21378; Raftery et at., 1980) . The rules governing the specificity of subunit interactions are not yet understood. Apart from cell type-specific expression of the subunit genes, it is evident that factors inherent to the sequences of the expressed subunits are required for the formation of specific contacts between subunits and ultimately for the expression of correctly assembled receptors on the cell surface. Owing to the circular arrangement of homologous subunits, structural elements on the clockwise side of one subunit should interact with corresponding elements on the counterclockwise side of the neighboring subunit.
The nAChR derived from muscle is the most widely studied ligand-gated ion channel and offers unique opportunities for the study of receptor assembly. Yu et al. (1991) and Verrall and Hall (1992) showed, using chimeric as well as sequence-truncated subunits of the muscle nAChR, that the extracellular amino-terminal half of the subunit determines proper subunit interactions. In agreement with this finding, Kuhse et al. (1993) found that several regions in the glycine receptor preceding the conserved disulfide loop determine subunit stoichiometry.
By comparing the efficiency of assembly of the ~ subunit of mouse and rat muscle nAChR, 2 residues at positions 106 and 115 were identified that contribute to assembly efficiency (Gu et al., 1991a) . Several attempts have been made to identify how the subunits are arranged in the nAChR pentamer; though still not proven directly, the most widely accepted model is an arrangement in which the y subunit is the lone subunit between two (z subunits (Karlin et al., 1983; Pederson and Cohen, 1990; Blount et al., 1990; Sine and Claudio, 1991; Karlin, 1993; see Figure 1 ).
Several stable intermediates can be observed in mammalian cells that have been transfected with different combinations of nAChR subunits. Expression of the (~ subunit alone leads to the formation of monomeric a subunits; these exhibit high affinity for the competitive antagonist (~-bgtx (Blount and Merlie, 1988 ), but do not bind agonists. Addition of either 7 or $ in the transfection mixture leads to the formation of dimers, which are also capable of binding agonists and low molecular weight antagonists with affinities similar to that of the wild-type receptor (Blount and Merlie, 1989) . In agreement with this observation, the two binding sites for competitive antagonists have been shown to be located at the interfaces between (~ and y as well as (z and 8, respectively (Pedersen and Cohen, 1990; Fu and Sine, 1994; Kreienkamp et al., 1994) . ay dimers also associate into higher order hetero-oligomers believed to be ~ya7 tetramers, reflecting the unique position of y between the two a subunits (Blount et al., 1990) . [3 subunits do not contribute to the formation of agonist binding sites, but are important in the formation of the full pentamer, which is transported to the cell surface (Sine and Claudio, 1991) .
In the model shown below (Figure 1 ), both ~ and "y subunits contact an (z subunit at their respective counterclockwise faces (termed here the [+] side for simplicity), but in the clockwise direction, the (-) side of ~ faces a 8 subunit while Y faces a second (~ subunit. We therefore employed I~/Y chimeras to identify assembly determinants on the (-) face of these subunits. On the other hand, both 7 and 8 Figure 1 . Circular Arrangement of Subunits of the Muscle nAChR The (+) and (-) surfaces of each homologous subunit in apposition with the neighboring surface are arbitrarily designated. The two ligand binding sites are on the (+) surface of e and on the (-) surface of and 6, respectively. The position of subunits and position of the binding sites are contributions of several groups, as outlined in the text. The rotational direction of subunits is based on the proposed binding site position in relation to the mass of electron density for the ~ subunit (Unwin, 1993) .
face the agonist binding region of (~ on their (-) or clockwise side, whereas y faces (~, and 6 faces 13, on their (+) or counterclockwise sides. We therefore used ~,/5 chimeras to identify regions critical for assembly on the (+) face of these subunits.
Results
The Sequence y21-131 Is Sufficient for Association of the (-) Face of the Y Subunit with the (+) Face of the (~ Subunit Several chimeras of the 13 and the y subunits were constructed in the expression vector pRBG4. These chimeras were first tested for their ability to associate with the (~ subunit and to promote the formation of agonist binding sites. This feature distinguishes the y subunit from the I~ subunit, both of which have been reported to associate with (~ subunits when cotransfected into mammalian cell lines. The resulting (xy complexes show affinities for competitive antagonists similar to the those of the corresponding binding sites in the mature receptor complex, whereas (~1~ complexes, like ~ subunits alone, have no measurable affinity for low molecular weight competitive ligands (Blount and Medie, 1989) . The formation of a ligand binding site after cotransfection of (~ with a 13/y chimera can therefore be seen as an indication that the chimera associates with the ~ subunit as would an intact ~, subunit. As incompletely assembled subunit complexes are retained in intracellular compartments, assays of competition of agonists with ~=~l-~-bgtx binding were performed on cells permeabilized with saponin.
We first constructed a chim era that contains y sequence in its amino-terminal extracellular domain preceding the first transmembrane region M1, and whose carboxyterminal terminal half consists of 13 sequence (y2251~). sites, in agreement with earlier experiments which showed that the amino-terminal domain contains the information necessary for correct assembly Verrall and Hall, 1992) . Moving the chimera boundary further in the amino-terminal direction, to a position within the conserved disulfide loop, showed that the region 1-131 is sufficient to produce a comparable amount of agonistdisplaceable toxin binding sites (y13113); in agreement with this, a chimera with Y sequence only from residue 131 to 225 hardly produced any agonist-displaceable toxin binding, stressing the importance of the first 131 residues for the association of ~, with (~. Shifting the chimera boundary to residue 91 almost completely abolished the ability of the chimera to produce agonist-displaceable toxin binding (y9113 also required for the formation of agonist-displaceable toxin binding sites. Converting the first 21 residues into sequence had no effect, as the chimera 1321713113 efficiently formed agonist-displaceable toxin binding sites.
Moving the boundary to residue 71 still resulted in the formation of a significant amount of agonist-displaceable toxin binding sites, though their number was significantly reduced (I}711'1311~). Chimeras with the boundary at residue 91 (13911'225~ and 13911'131~) formed almost no agonist-displaceable toxin binding sites, indicating that sequence elements necessary for correct assembly are missing. Thus, we identified the region 1'21-131 at the (-) face of 1' as sufficient for the efficient association with the (+) face of ~, with the most critical elements likely to be located in the region of residues 71-131.
The Sequence 1~51-131 Is Sufficient for p Subunit Associations with Neighboring Subunits
The ~/y chimeras were also tested for their ability to substitute for the 13 subunit in the assembly process. The 13 subunit is not involved in the formation of Iigand binding sites, but it is necessary for the expression of functional cell surface pentamers. Cells expressing ~, 1', and 8 do not form cell surface receptors, and the subunits are retained in an intracellular compartment (Gu et al., 1991 b ; see also Figure 2B ); addition of the 13 subunit in the transfection mixture enables the formation of mature pentamers and their transport to the cell surface (Sine and Claudio, 1991) . To identify 13 subunit sequences necessary for surface expression, we expressed 13/7 chimeras together with ~, 1', and 8 and measured specific 12~l-~-bgtx binding on intact cells. Figure 2B shows that a chimera with 13 sequence in the first 131 residues and 1' sequence in the rest of the extracellular domain can substitute efficiently for the native subunit. On the other hand, the chimera 1'131J3 (which efficiently associated with ~z to form agonist binding sites) did not lead to the expression of cell surface receptors.
This underscores the importance of the segment containing residues 1-131 for defining the specificity of subunit interactions in 13 and 1'. We tried then to define segments within the region between residues 1 and 131 that are of particular importance for assembly by replacing only small portions of the 13 sequence with 1' sequence. As seen in Figure 2B , substitution of segments 1-21 and 21-51 with 1' sequence is compatible with the expression of cell surface receptors. Substitution of the region 51-72 reduced surface receptor expression drastically, and substitution of either 72-91 or 91-131 virtually eliminated surface receptor expression.
As the region containing residues 91-131 appeared to have special importance, and as there are only few differences in the sequence between 13 and 1' in that region (Figure 3 ), we introduced several point mutations in that region in the 13 subunit. We introduced the nonconservative substitutions and examined the ability of the mutants to support surface receptor expression ( Figure 2C ).
The mutant R117Y showed a significant decrease in surface receptor expression, whereas none of the other mutations between 91 and 131 had an effect when compared with the 13 wild type. This indicates that R117 is likely to be involved in contacts of 13 with a neighboring subunit, though this experiment alone cannot distinguish whether this interaction takes place on the (+) or (-) side of the subunit. Together with the findings of Sine (1993) and Fu and Sine (1994) , who showed that the homologous 1'Y117 contributes in shaping the curare binding site, Rl17 is likely to be located on the (-) side of the 13 subunit and to contribute to its association with the 8 subunit.
~Y Dimers, but Not ~8 Dimers, Associate into Tetramers
A series of y/8 chimeras was used to determine the molecular differences between the y and the 8 subunits that both allow the 1' subunit to associate with a second ~ subunit on the non-agonist-binding side of y and may dictate the placement of a y or a 8 subunit during the assembly process. To examine this association, yI8 chimeras were cotransfected with the ~ subunit and analyzed for their ability to form stable intermediates with the ~ subunit. After perrneabilizing transfected cells with 0.5% saponin, the complexes containing ~ subunits were labeled with 12Sl-~-bgtx. Cell extracts were then analyzed on 3%-30% sucrose density gradients containing 1% Triton X-100. The formation of different stable intracellular intermediates was observed, depending on the subunit combination used (Figure 4) . A peak at 1.7S was identified as free 12Sl-,z-bgtx, as it appeared when nontransfected cells or a-bgtx alone was analyzed (Figure 4a ). An additional peak at 3.3S was observed in cells transfected with only the a subunit and was therefore assigned to the monomeric ,z subunit (Figure 4b) . This peak also corresponds closely to the 4S value given to the peak previously assigned to be the assemblycompetent monomeric Torpedo californica ~ subunit (Paulson et al., 1991) . Cells coexpressing the ~ and 8 subunits displayed a characteristically large peak at 5.0S, as well as a smaller free toxin peak at 1.7S (Figure 4c ). The 5.0S peak was identified as an cz8 dimer; these two subunits have been reported to form dimers very efficiently (Blount et al., 1990) , and in agreement with this identification, the labeling of the 5S species can be prevented if 10 mM carbamylcholine is included in the initial 1251-~-bgtx labeling reaction (Figure 4c ). In contrast to expression of ~ and 8 subunits, cells expressing the ~ and 1' subunits not only show peaks at 1.7S, 3.3S, and 5.0S, but also show an additional peak at 8.8S (Figure 4d ). We identified this species as a tetramer, as it runs below the full pentameric , the a and 8 subunits (c), the at and y subunits (d), the ct, p, 7, and ~5 subunits (e), or the ~ and s subunits (f) were permeabilized with 0.50/0 saponin and labeled with 12SI-a-bgtx. After washing away unbound radioactivity, 1% Triton X-100 extracts from these cells were sedimented into 30/0 -30% sucrose density gradients, fractionated into 45-50 fractions, and counted. Open circles in (c) designate identical extraction and gradient conditions where the binding of 1251-~-bgtx was performed in the presence of 10 mM carbamylcholine.
receptor (9.5S; see Figure 4e ) and above an additional 7.5S species observed in gradients in the detergent Lubrol/phosphatidylcholine (LPC; see below), which accordingly was identified as a trimer. The sedimentation coefficient of 8.8S for the tetramer is identical to that of presumed ~y~$ tetramers observed by Saedi et al. (1991) when ~, 3,, and 8 subunits of Torpedo nAChR subunits were expressed in oocytes. The appearance of a higher order hetero-oligomer of and 3,, believed to be an ~3,¢3, tetramer, was observed earlier by Blount et al. (1990) . This tetramer formation reflects the unique position of the 3, subunit in the mature nAChR as the only subunit between two a subunits. It has therefore two points of contact with the ~ subunit, on its (-) side as well as its (+) side. The ~ subunit, which replaces the y subunit in the receptors of adult mammals, also forms tetramers with even higher efficiency than the native 3' subunit ( Figure 4f ). No evidence for tetramer formation was ever encountered in transfections of a with 5.
3,1145 and yT150 Are Involved in Contacts of the (+) y Subunit Face with the (-) Face of a Second
Subunit to Form Tetramers To identify sequence elements of 3' responsible for forming the second contact of 3, to ~ on the (+) side of % we analyzed a series of chimeras of 3' and 5 for their ability to form tetramers.
The chimera 82253' showed distinctly 8-like behavior, suggesting that the amino-terminal domain preceding M 1 determines intersubunit interactions allowing 3' to position between the two a subunits (compare Figure 5a with Figures 4c and 4d) . The chimera y10052253' also showed complete 5-type behavior, further narrowing down the region necessary for y-type behavior to the carboxy-terminal half of the first extracellular domain (Figure 5b ). Methodically, we continued to extend the chimera boundary from the amino-terminal domain in steps of approximately 30 amino acids. The chimera 3,13182253, showed complete 5-type behavior, whereas the chimera 3,16552253, was able to restore the 3,-type behavior by promoting formation of tetramers (Figures 5c and 5d ). This indicated that the region of primary importance is located between residues 131 and 165. To find the smallest segment that eliminates tetramer formation, we inserted segments of 5 sequence into this region. The search highlighted the region 131-156, as the chimera 3,13151563, displayed nearly complete 5-type behavior ( Figure 5e ).
As the segment 131-156 contains most of the highly conserved disulfide loop between residues 128 and 142, only 7 residues differing between 3, and 5 (all located between residues 145 and 156) remained as candidates that could account for this difference in assembly behavior ( Figure 6 ). The chimera 3,14781563, partially restored the tetramer peak ( Figure 7a) ; it contains the 3, substitutions K1451 and S147Q compared with the original chimera, thus implicating one or both residues in contributing to tetramer formation. The chimera 3,14681513, produced almost identical profiles ( Figure 7b) ; as this chimera retains the 3, substitution K1451, the residue at position 145 appears important for contributing to tetramer formation. We , %' 1315225%' (c), y1658225%, (d), and y13151563, (e) were each cotransfected with the a subunit into HEK 293 cells. Ceils were permeabilized in buffer containing 0.5°/0 saponin for ~l-(x-bgtx binding and then extracted with buffer containing 1% Triton X-100. The extracts were separated using 3%-30% sucrose density gradients containing 1% Triton )(-100. The two dashed lines mark the positions of the dimer (5.0S) and tetramer (8.8S) peaks.
next tested 2 more candidate residues, at positions 149 and 150, by introducing point mutations into the 3,1316 156y base. The single mutation K150T completely restored tetramer formation (Figure 7c ), whereas L149Q had no effect (Figure 7d ). Further demonstrating the importance of position 150, we found that the point mutation 3,T150K largely reduced tetramer formation compared with that of wild type (Figures 7e and 70 . Thus, residues at position 150, and possibly 145, are key for tetramer formation. Interestingly, the residues in 6 corresponding to positions 145 and 150 are both the cationic lysines, whereas in %, and ~ they are the uncharged residues isoleucine and threonine. Moreover, they are the uncharged residues valine and serine in J3, a subunit that should make a similar contact to the (-) face of the (~ subunit (Figure 6 ).
aYaY Tetramer Formation Detours from the Normal Assembly Pathway
Recently, Green and Claudio (1993) reported that the first detectable assembly intermediate is an ~13? trimer, followed by addition of a 6 subunit and then a second (~ subunit. Because the ctycty tetramer is not predicted by this sequence, we hypothesize that this tetramer should not be a true assembly intermediate when all four subunits are present, but is formed when either the ~ or the 8 subunit is omitted. To test this idea, we studied complexes formed in the presence of all four subunits and compared them with those formed when a single subunit was omitted.
To examine intracellular complexes formed in the presence of all four subunits, we blocked surface receptors with unlabeled ct-bgtx, followed by saponin treatment and labeling of intracellular receptors with iodinated toxin. The resulting intracellular species were the 9.5S pentamer and the 5.0S dimer; the 8.8S tetramer peak, however, was not present (Figure 8a ). Omitting the 8 subunit (i,e., transfection of (~, 13, and 7) yielded a gradient profile very similar to that of cells expressing ~ and y subunits, with the addition of a pentameric shoulder to the usual tetramer peak. Only the pentameric shoulder contains the 13 subunit, because this species was selectively eliminated by treating the cell lysate with the ILspecific antibody mAb 148 (Gullick and Lindstrom, 1983) (Figure 8b) . Thus, addition of just the I~ subunit to cells expressing a and 3' subunits has little effect on formation of (~3'~y tetramers. Because Green and Claudio (1993) reported that certain subunit complexes of the Torpedo receptor were unstable in Triton X-100, we also analyzed cells expressing ~, 13, and 3' subunits on gradients containing LPC. These gradients showed an additional peak of 7.5S (Figure 8c ), which we cDNA y/8 chimeras y1478156T (a) and y1468151y (b) and point mutants K150T (c) and L149Q (d) on the y1318156y template were cotransfected with the ~ subunit, and the receptor sites expressed were extracted with 1% Triton X-100 and separated on sucrose density gradients containing 1% Triton X-100, after labeling with 1251-a-bgtx. In panels (e) and (f), y and 7T150K were cotransfected with a subunits and analyzed as described above. The arrows mark the positions of dimers and tetramers.
identify as the al3y trimer described by Green and Claudio (1993) . Thus, trimers do form in cells expressing ~, I~, and y subunits, but their formation does not prevent formation of ayay tetramers. Corresponding expression of a, ~, and 5 subunits yielded only dimer and pentamer, with little evidence for trimer or tetramer (Figure 8d ). Similar behavior was observed in LPC gradients (Figure 8e ). The formation of pentameric receptors has previously been documented in cells lacking either y or 6, albeit less efficiently than in cells expressing all four subunits (Sine and Claudio, 1991) .
We next omitted the I~ subunit (i.e., transfection of a, % and 5) and observed a dimer peak plus a smaller tetramer peak (Figure 8f ). To determine whether the tetramers consisted of aya7 or ~ym8 complexes, we selectively blocked either the ay interfaces with dimethyl-d-tubocurarine (DMT; Sine and Claudio, 1991; Sine and Taylor, 1981) or the m5 interfaces with a-conotoxin M1 (Kreienkamp et al., 1994) , prior to labeling with a-bgtx. This experiment relies on the 80-fold preference of the ay interface for DMT and the 10,000-fold preference of the a8 interface for m-conotoxin MI. When ay interfaces were blocked with 1 I~M DMT, the gradient profile revealed primarily dimers, as seen in cells expressing only a and 6 subunits, demonstrating the absence of aya5 tetramers. When a6 interfaces were blocked by 100 nM m-conotoxin M1, the peaks corresponding to dimers and tetramers were nearly the same as those from cells expressing m and y subunits, again indicating the presence of only ayay tetramers. Thus, addition of just the 6 subunit to cells expressing and y subunits does not prevent formation of ayay tetramers. The profile obtained from cells expressing m, T, and 6 appeared to be identical to the sum of the (L and 7, and the a and 5 expression profiles. Considered with the results from expression of a, P, and y subunits, these findings indicate that the I~ and 8 subunits, only when present together, prevent formation of my~7 tetramers in cells expressing all four subunits.
Discussion
We used the y subunit of the nAChR derived from mouse muscle to identify regions on both intersubunit interfaces that determine assembly behavior and confer the actual positioning of the subunit in the mature receptor• The accumulated knowledge on the quaternary structure of the muscle nAChR allowed us to develop assays for assembly and assign surface domains to each interface of the y subunit. The ability of I~/y chimeras to associate with the m subunits to form an agonist binding site served as a paradigm to identify contact regions on the (-) surface of the "y, subunit. Using these chimeras, we initially identified the first 131 residues of the subunit as being important for assembly on this surface. Further attempts to narrow down the region showed that the first 21 residues are not required for the association with m. A chimera with y sequence from 71 to 131 retained some residual capacity for formation of agonist binding sites after coexpression with m, albeit at markedly reduced levels. These results define the region from 71 to 131 as the key domain responsible for assembly on the (-) side of y with a; ad- (Gullick and Lindstrom, 1983) , followed by adsorption with protein G-Sepharose. Note the loss of the shoulder appearing at a higher S value than 8.8S.
(c) Analysis of cells expressing Q, ~, and y, where Triton X-100 was replaced with LPC (Green and Claudio, 1993) . Note the trimer peak between the dimer and tetramer peaks. ditional elements are probably located in the sequence 21-71. Next, we examined the same set of chimeras for their ability to substitute for the p subunit in the formation of full pentameric surface receptors. Though this substitution requires the formation of correct contacts on both sides of the P subunit, this experiment is the complement to the one described above, as the (+} side of the 13 subunit, as well as the y subunit, faces the non-ligand-binding face of the a subunit. In agreement with this, the chimera that had 13 sequence in its first 131 residues could substitute efficiently for the 113 subunit. Several stretches of 20-40 amino acids were then substituted with y sequence in this region, showing that the first 21 residues, as well as residues 21-51, are dispensable for the formation of subunit contacts on the (-) face of the p subunit. The regions 72-91 and 91-131 again proved to be the most critical for assembly on the (-) side of the 13 subunit, as substitutions in these regions were not tolerated at all.
Our results extend previous studies of Yu et al. (1991) and Verrall and Hall (1992) , who showed that the aminoterminal extracellular domain determines the assembly behavior of the subunits. Kuhse et al. (1993) identified several sequence segments in the ~ subunit of the glycine receptor sequence that determine subunit stoichiometry. All of these segments are in the region preceding the conserved disulfide loop, which corresponds to the first 128 residues in nAChR subunits.
Thus far, our analysis was largely based on chimeras that were active in either of the two experiments (association with a to form a binding site or substitution for p to promote surface expression). For chimeras that do not work in both types of experiments, we cannot determine whether the reason for this is the lack of sequence elements necessary for assembly or simply a misfolding of the polypeptide chain. Therefore, we also analyzed some point mutants of the p subunit, for which the probability of global misfolding should be small when compared with that of chimeras. Only the region 91-131 was analyzed, as there there are only a few differences between the y and j3 sequences. Out of all the nonconservative substitutions tested, only the mutant R117Y showed a significant reduction in surface receptor formation. Though this is certainly not a complete analysis, owing to the limited number of mutants tested, the result establishes the importance of the sequence from -105 to 120 for intersubunit contacts on the (-) side of ~ or y. Gu et al. (1991 a) previously determined that residues 106 and 115 contribute to the efficiency of assembly of the ~ subunit with the ~ subunit. Sine (1993) identified residues 116 and 117 in y and $ as key determinants for the selectivity of the competitive antagonist DMT, and Fu and Sine (1994) demonstrated that DMT bridges tyrosines y117 and c¢198. Thus, yY117 should be in proximity to the binding region of the ~ subunit, Based on the homology between subunits, Rl17 should also be located at the (-) side of the ~ subunit.
For our analysis of subunit contacts on the (+) side of the 7 subunit, we relied on differences between y and 8 in their ability to form either dimers or tetramers with the (z subunit. The capa~city of ~z? dimers to form stable tetramers has been seen as an additional argument that the ? subunit is the lone subunit between two ~ subunits and therefore has two distinct points of contact with ~. The contacts that are responsible for tetramer formation must be located on the (+) side of ?, i.e., facing that side of ~ not involved in agonist binding. The analysis was based entirely on chimeras that folded correctly, i.e., they associated with to form agonist binding dimers. We identified K150 and, to a lesser extent, K145 as residues in the 8 subunit that interfere with tetramer formation. One interpretation is that both of these positively charged residues repel cationic side chains of the ~ subunit that come into apposition in the initial association step. The corresponding residues in ? are 1145 and T150; both are highly conserved throughout ~' as well as e, which forms tetramers even more strongly than ~,, and 13, which makes a similar contact to ~ on its (+) side as ?. In the mature receptor, the <5 subunit faces a 13 subunit on its (+) side, and one can speculate that there may also be corresponding negative charges unique to 13 that accommodate the positively charged lysine residues in 8.
Most interestingly, the residues that we have identified are in close proximity to <5L149. The homolog of this residue in ~, W149, has been identified by affinity labeling (Dennis et al., 1988) and site-directed mutagenesis (Galzi et al., 1991) to contribute to the agonist binding site on ~. Using our definition of (+) and (-) surfaces, W149 is therefore located on the (+) side of the c~ subunit. Two conclusions can be drawn from this: our results provide further experimental evidence that residues in homologous positions in the subunit sequences are located in equivalent positions in the spatial structure of the subu nits; and those residues that determine specificity of assembly between the subunits are adjacent or are identical to (see Y117 in ?; Fu and Sine, 1994) those residues that actually form the ligand binding site (Fu and Sine, 1994) .
We examined the role of tetramer formation in the general scheme of nAChR subunit assembly. Based on experiments with mouse nAChR subunits expressed in COS cells (Gu et al., 1991 b) or fibroblast cell lines (BIount et al., 1990) , it was initially proposed that, after the maturation of the ~ subunit into a toxin-binding form (Merlie and Lindstrom, 1983) , assembly involves formation of ~, and ¢z<5 dimers. The 13 subunit would then combine with these two dimers to form the mature pentamer. This possible pathway has recently been questioned by a study on the assembly of Torpedo nAChR subunits in mouse fibroblasts (Green and Claudio, 1993) . These authors demonstrated that ~,trimers are formed in the first minutes after subunit synthesis. Subsequently the <5 and then the second (~ subunit are added to form the final pentameric complex. The inability of previous investigators to detect the association of the ~ subunit with the ~, dimers was explained by the use of 1% Triton X-100 as a solubilizing agent in the earlier studies, instead of the more gentle LPC used by Green and Claudio. In neither scheme could the formation of e~,~z'~ tetramers be a step in the pathway to nAChR synthesis, as mature receptors contain only one ~, subunit. The formation of tetramers appears to be slow, as we did not detect a tetramer peak on the first day after transfection, while increasing amounts of tetramer were seen on the second and third days after transfection (data not shown). Since tetramers were not seen in cells expressing all four subunits, ~1378 or a13~8, it appeared that tetramer formation arises from accumulation (and slow dimerization) of a? dimers in cells that have no capacity to process them into mature receptors owing to the lack of the other nAChR subunits. We therefore investigated which subunit was capable of inducing the next step in receptor synthesis after the formation of dimers, thus depleting the ~, dimer pool and preventing the formation of tetramers. Green and Claudio (1993) reported that ~7 trimers are the first species that can be identified as a stable intermediate in mammalian cells transfected with all four subunits. If this association were complete and yielded a stable trimer, it should preclude the formation of tetramers in cells transfected with ~, 13, and ? subunits. In our hands, however, simultaneous transfecti()n of the 13 subunit with a and ~, did not suppress the appearance of the tetramer peak. An additional I~-containing pentamer peak, albeit small, was observed in these gradients, consistent with the observation that surface nAChRs can be detected after transfection of a~( (Sine and Claudio, 1991) . By using the detergent mixture LPC employed by Green and Claudio (1993) as a solubilizing agent, an additional peak was observed in gradients from these cells at a position where trimers would be expected. Thus, trimers do form in mammalian receptors, but their quantity and stability are not sufficient to prevent the dimerization of e~, dimers into tetramers. However, the fact that no trimers were observed in either Triton-or LPC-containing gradients from cells transfected with ~, 13, and 8 supports the idea that the J3~, trimer is the intermediate on the way to the expression of mature receptors. Saedi et al. (1991) observed e?~<5 tetramers in Xenopus laevis oocytes transfected with Torpedo ~, 7, and 8, thus making these tetramers a likely intermediate in AChR assembly. In our hands these tetramers do not form, as indicated by the selective protection of the cz~, and a8 sites with DMT and conotoxin, respectively. This is in agreement with previous data of Gu et al. (1991b) . Consequently, <5 by itself does not interfere with the formation of tetramers.
We therefore conclude that both 13 and 8 are needed to prevent the accumulation and dimerization of c(y dimers and to ensure an efficient processing of (zy dimers into mature receptors. Taking into account the results of Gu et al. (1991 b) , Saedi et al. (1991) , and Green and Claudio (1993) , along with the current findings, the scheme for subunit assembly shown in Figure 9 can be proposed.
The formation of mature receptors in cells expressing all four subunits through sequential intermediates is dictated primarily by the kinetics of each step in Figure 9 . Formation of [Bcty is rapid but partially reversible. Efficient removal of this trimer by the subsequent reaction steps is responsible for the lack of accumulation of c(y dimers and for the prevention of tetramer formation. Thus, (zycty tetramers are a detour of the normal pathway. The rate-limiting step of tetramer formation may be the (z7 association occurring at the positive face of y. Interestingly, this may also be the slow step in forming the pentameric ring from (~, 13, y, and 8, enabling detection of appreciable intermediate species in the cell.
Experimental Procedures

Generation of Chimeric and Mutate¢~ Subunits
The cDNAS for the c(, ~, y, 8, and ~ subunits of the mouse muscle nAChR were cloned into the EcoRI site of the expression vector pRBG4 (Sine, 1993) . For site-directed mutagenesis, CJ236 bacteria were transformed with these plasmids. The uracil-containing single-stranded DNA was rescued from these bacteria after infection with helper phage. Oligonucleotide-directed mutagenesis was then performed on these templates according to the method of Kunkel (1985) . Mutations were confirmed by dideoxy-DNA sequencing.
For the generation of ~5/y chimeric subunits, restriction sites were introduced into equivalent positions of the y and 13 subunits. In 13, a Stul site and a EcoRV site were introduced at positions corresponding to the unique Stul and EcoRV sites in the y subunit. In y, a HgiAI site and a BstEII site were introduced at positions equivalent to the corresponding unique sites of the ~ subunit. Chimeras were then generated by cutting with these enzymes and isolating and religating the desired fragments, according to standard techniques, Chimeras were confirmed by selective restriction enzyme cleavage and by sequencing across the chimera boundaries. Generation of y/8 chimeras used here has been described previously (Sine, 1993) .
Large-scale DNA purification for transfections was performed using standard techniques, usually requiring CsCI gradient purification of supercoiled plasmids.
Tissue Culture and Transfections
Human embryonic kidney cells (HEK 293) were obtained from ATCC. Ceils were maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum in a humidified atmosphere with 5% CO2. For transfections, cells were plated at a density of 1.5 x 106 cells per 10 cm dish the day before transfection. Transient transfections were performed using the Ca~(PO4)2 method. For the formation of surface receptors, the amounts of expression vectors used per 10 cm dish were 15 I~g of ~, 7.5 p_g of 13 (or ~/y chimera), 7.5 p.g of y, and 7.5 I~g of 8. For the analysis of association of chimeras with ~ or gradient analysis of chimeras, 15 I~g of ~ and 15 p.g of chimera were used per plate. The calcium phosphate precipitate was removed 16 hr after transfection by changing the medium. At 40-48 hr after transfection, the medium was aspirated and the cells were removed from the plate with phosphate-buffered saline containing 5 mM EDTA. Cells were eedimented for 5 min at 1000 rpm.
Binding Assays
For the determination of the number ot cell surface receptors, the sedimented cells were resuspended in K+-Ringers buffer (140 mM KCI, 5.4 mM NaCI, 1.8 mM CaCI2, 1.7 mM MgCI~, 25 mM HEPES, 0.03 mg/ml bovine serum albumin [BSA; pH 7.4, adjusted with NaOH]). The ~251-1abeled (z-bgtx was added at a concentration of 10 nM, the reaction was incubated for 2 hr, and cells were then spun down briefly and washed three times with K+-Ringers buffer. The pellets were counted in a y counter. Nonspecific binding was determined in the presence of 10 mM carbamylcholine.
For the determination of intracellular binding sites, the K÷-Ringers buffer was substituted with saponin buffer (10 mM sodium phosphate, 10 mM EDTA, 0.1% BSA, 0.5% saponin). Incubation times and the concentration of ligands were the same as above. After binding was complete, cells were washed with K+-Ringers buffer, and the pellets were counted in the y counter.
Sucrose Density Gradient Analysis Cells were harvested as described above and incubated with 10 nM '251-a-bgtx for 2 h r on ice. Cells were washed free of un bound radioactivity with K*-Ringers buffer. The cell pellets were then solubilized in 200 p.I of Triton X-100-containing buffer (1% Triton X-100, 150 mM NaCI, 5 mM EDTA, 50 mM Tris [pH 7.5]) on ice. After 3-4 hr, insoluble matter was sedimented and the eupernatante were layered on top of 3%-30% sucrose gradients in the same buffer and detergent. The total volume of the gradients was 12 ml. Gradients were centrifuged in a Beckman SW41 rotor for 22 hr at 40,000 rpm with the appropriate acceleration and deceleration programs. The gradients were collected from the top in fractions of 240 or 266 p.l. Fractions were counted in the y counter. S values were determined by adding carbonic an hydrase (3.3S), alkaline phosphatase (6.1S), catalase (11S), and ~-galactosidase (16S) to the cell extracts and determining peak activities of these enzymes in the gradient fractions. For LPC gradients, Triton X-100 was substituted with a 1% mixture of Lubrol and phosphatidylcholine (7:1) in the extraction buffer and sucrose gradient solutions, as described by Green and Claudio (1993) .
